Movement and behavior analysis is a key research area in the domain of biomedical engineering and in many other medical research domains aiming at the understanding of physiological motor and cognitive basic mechanisms. The systematic application of robotic and mechatronic technologies to realize new tools and measurement methods for quantitatively assessing motor and cognitive functions in humans as well as in animal models is gaining an increasing popularity. This work represents a first step towards the development of a sensorised environment for behavioral phenotyping of animal models. In particular, this paper focuses on tremor analysis in reeler mice, an emerging potential animal model for anatomical and behavioral traits observed in autism. Ground Reaction Force (GRF) sensing is indeed the most direct means of measuring tremor. Although force platforms have extensively been used for large size animals, only few attempts have been made to measure GRF at a single paw for animals as small as mice or rats. Under the hypothesis that in-plane GRF components are directly connected to tremor, a small size, modular, mechanically simple, 2-axis force sensor for measuring the in-plane components of GRF was designed and developed. Special care was paid to design a structure that allowed self-aligned assembly, for repeatability and modularity for combining multiple platforms for a sensorised floor. Thanks to the use of two different sensors (acceleration and distance sensors) an in-situ calibration procedure has been planned to be performed directly in Neuroscience labs without use of a structured environment and/or engineering skills. Preliminarily testing was performed with both reeler and wildtype mice. Fourier analysis validated the hypothesis of a direct connection between tremor and in-plane GRFs. Data analyzed and filtered highlight a peculiar spectrum frequency in Reeler mice tremor, centered at about 20 Hz.
INTRODUCTION
Biomedical Robotics is a discipline in rapid and continuous development. It aims at providing innovative methods and tools for improving the quality of health care but also for enabling new research pathways 1 in the medical and biological domain. An increasing research interest is growing worldwide, both in the medical and in the engineering community, on the potential impact of the application of robotics to the field of Neuroscience (Neuro-Robotics) [1] [2] .
This paper reports about a first significant attempt to link the application of mechatronic and robotic technologies to specific areas of Neuroscience, such as neurobiology and neurophysiology of developmental disorders, which have been only partially addressed so far by roboticists. This new area could be dubbed Neuro-Developmental Engineering. More specifically, the multidisciplinary research work that is being carried out by a joint team of roboticists and neurobiologists is focusing on the introduction of such technologies in the area of Phenomics. Phenomics is a new promising discipline which integrates and expands genomic research [3] . It analyzes the relationship between genetic code and its external expressions, i.e. phenotype, in order to better understand physiological and neurophysiological mechanisms. Phenomics frontiers are still not well defined; one of its principal trends is represented by behavioral analysis, in particular movement and gait, in animal models. The aim of this research is finding some characteristics in animal models that could be compared with patterns of physiological or pathological human models. A particular mouse model, the Reeler, seems to be particularly related to human neuro-developmental disorders such Autism Spectrum Disorder (ASD).
The Reelers are spontaneous mutant mice that present evident tremor and ataxia, i.e. the loss of the ability to coordinate muscular movement. A quantitative and objective analysis of tremor would provide useful, for example, when evaluating pharmacological treatment.
Earliest attempts of quantitative analysis date back to 1989 when Steinberg [4] studied mouse ataxia by analyzing footprints via a digitizer tablet for successive computer based analysis. Most recent approaches make use of available technology which allows assessing both kinematic and dynamometric data. Force platforms, mainly consisting of a rigid large platform suspended upon lateral load cells, have been developed [5] , [6] , [7] , [8] to analyze the overall Ground Reaction Force (GRF) during locomotion. Kinematics relative to a single paw could be derived by means of a camera located beneath the (transparent) platform. To the authors knowledge, only rare examples, such as [9] , [10] , can be found in literature where the GRF relative to a single paw can be determined.
Another recent application is the mechatronic system for behavioural and gait analysis in animal models presented as a tool for robot-mediated rehabilitation [11] .
Commercially available tools, e.g. Smartcube (PsychoGenics Inc.) and IntelliCage (NewBehavior Inc.) [3] , consist of sensorised cages which allow to automatically capture, quantify and store information on a large number of behavioral motor and posture patterns but they do not provide information of GRF relative to a single paw during locomotion. As for commercially available sensors, given the specific needs of this application, it is very difficult to find multiaxis force sensors matching the geometric constraints or which can be adapted to suit such needs. The few suitable sensors are either based on complex mechanisms, in terms of fabrication technology, or on complex signal processing electronics. In both cases such solutions become more and more unsuitable to scenarios where many of these sensorised modules are combined together, as described below. 2 
FUNCTIONAL AND TECHNICAL SPECIFICATIONS
The aim of this work is providing neuroscientists with a force sensor, able to detect tremor from small animal models i.e. reeler mice. In order to plan and realize this device, functional specifications about the kind of analysis to be performed, the dimension and the strength of the animal model and the environmental conditions were gathered directly from the neuroscientists working to the Developmental Neuroscience and Neural Plasticity Lab at Campus Bio-Medico University and afterward translated into technical constraints.
For what concerns the functional specifications, first of all it is necessary the platform to be highly specific to paw tremor rather than to whole body tremor as in [12] . This issue can be achieved by reducing the size of the sensing element to be comparable with a single paw of the animal. This first feature opens the way to a series of possibility in the design of the tool: a small dimension sensing element can be simply placed side by side with other small sensing elements around the arena the animal should be posed on.
Following this preliminary directions, the device could be thought as an arena (i.e. a cage) whose surface contains one or more force sensors the mouse can step on. Such a platform, from the mouse perspective, should look pretty much like a tile in the floor. This would allow to patch the floor with a variable number of sensorised tiles for different kinds of experiments, allowing reconfigurable modular setups. A direct consequence of the use of multiple tiles is that each force sensor should be mechanically simple and robust, so implying the low-cost of the structure.
The mechanical simplicity is also a desirable feature because it should be considered that this tool aims at being extensively used in non-engineering laboratories and so it should allow simple assembly from off-the-shelf components. All these considerations exclude definitively the use of complex mechanical structures.
Through the analysis of the literature about GRFs exerted by animal models during normal gait, it can be seen that, due to the weight of the animal, the vertical GRF component is generally ten times larger than the horizontal ones [9] , [10] . For this reason, it is suitable to use different sensors in the two cases. In particular, normal forces besides being larger in magnitude, are easily measured via pressure sensors, e.g. piezoresistive arrays, directly placed on top of the tile. In this way the pressure distribution can also be derived, providing thus extra information, e.g. the heading direction, which can be correlated with the in-plane components. On the contrary, detection of in-plane forces requires an "ad hoc" design and it would have a major scientific interest since in literature tremor analysis via horizontal GRFs detection has not been explored sufficiently as well.
Although the research tool this paper deals with is able to detect only dynamometric data, other approaches can be found in literature for the development of detecting tremor devices ( [6] , [7] ) making use of available technology which allows assessing both kinematic and dynamometric data. In those works, force platforms, mainly consisting of a rigid large platform suspended upon lateral load cells, have been used to obtain dynamometric data during locomotion whereas kinematics relative to a single 3 paw could be derived by means of a camera located beneath the (transparent) platform or an external camera taking an environmental view.
DESIGN OF THE PLATFORM
As previously mentioned, the interaction between engineers and neuroscientists played a fundamental role in the design and the development of the device. During the designing phase, for instance, a continuous bi-directional flow of information was exchanged between them: at first functional specifications were collected by engineers from neuroscientists; then engineers translated them into technical constraints (such as the maximum applied strength, maximum allowable displacements, etc.), elaborated different solutions and chose the one that better matched with medical and practical needs and criteria. Finally, once the sensor has been developed and tested, neuroscientists gave to designers important feedbacks useful to improve the system in further developments.
The final device will be a mechatronic platform for behavioural analysis purpose, composed by a sensing stage (tremor, temperature, position, orientation detection) and an actuated stage in order to perform also interactive tests with mice as general as possible, by supplying them different kind of stimuli. In this paper the first sensing stage is presented in its planning and realization.
Generally forces can only be determined via indirect measurements [13] . Typically, load cells perform force measurement via two levels of transduction. The primary transducer consists of an elastic mechanism which undergoes deformation under the action of force. A secondary transducer is then used to transform the mechanical deformation into an electrical signal. Once the maximum force to be measured is given, the elastic mechanism is designed to remain within the linear range, which usually requires high stiffness.
Primary transducers
In general, for a given material, the stiffer the structure, the larger the force it can withstand; on the other hand, considering the secondary transducer, high stiffness directly translates into small deformation, i.e. increasing stiffness negatively affects resolution and sensitivity. Finally, the mechanical stiffness will be determined as a trade-off between the need for not-too-compliant structures and the need for resolution. Nevertheless, when both stiffness and resolution are hard constraints, solutions can still be found by means of complex mechanical structures. For example, instead of using bending cantilever with homogeneous cross-section as primary transducer, just narrowing the beam at specific points [14] allows concentrating deformations at those very points, therefore increasing sensitivity, without changing the overall stiffness. Of course, these solutions require higher costs for fabrication and assembly, reducing the simplicity of the overall system and must be rejected due to motivations described in section 2.
Again according to functional specifications, only horizontal components of GRFs are interesting for this application, while the vertical one must be neglected. This issue can be faced and solved through a smart mechanical design, i.e. the parallel kinematism. kept parallel by four long and thin pillars (a). Each pillar has both ends constrained to be perpendicular to the tiles. Long and thin pillars are used to provide enough compliance in the transversal direction while being extremely stiff in the axial direction, therefore only in-plane forces cause detectable deformation (b). By clamping the bottom tile to the ground, the top one is constrained to move parallely to the ground, i.e. the structure is practically not deformed by weight forces and torques.
The parallel kinematism adopted in this work has been obtained by clamping two tiles to the ends of four pillars, so that the two tiles are constrained to move parallely one another for small deflections; this achievement makes the structure very stiff in the axial (vertical) direction, but relatively compliant in the other two transverse (horizontal) directions intrinsically allowing horizontal displacements detection more than vertical one. This means that effects of vertical forces are negligible in comparison to those of the horizontal ones, normal forces 1 and torques have in fact negligible effects.
Design and fabrication of the tiles, being rigid elements, poses very little problems. Figure 1 shows the structure of the platform. The large central hole simply reduces the total weight, increasing thus the sensor bandwidth. The four smaller holes require more precision since pillars will be inserted through such holes and glued for clamping. On the other hand, pillars require much more care. They represent the compliant part of the mechanism and therefore final stiffness will pretty much depend upon their geometrical features. Good repeatability is guaranteed by the use of commercially available needles. Four stainless steel needles for spinal anesthesia (BBRAUN Pencan) where used. This is at the same time an extremely inexpensive and accurate solution since needles manufacturer must respect ISO standards (9626). Furthermore hollow structures are to be preferred to solid ones since, for the same bending stiffness, hollow structures are lighter, increasing thus the sensor bandwidth. Pillars, i.e. needles, are clamped at both ends to the rigid tiles. By means of elastic beams theory, the relation between lateral,
i.e. horizontal, displacement and horizontal force F 0 is:
1 Even considering axially rigid pillars, normal forces are counterbalanced only if the top tile is perfectly centered. In case of a lateral shift, the pillar axis does not coincide with the vertical direction and therefore normal forces will have an effect. Such effect is proportional to the lateral deformation to the length of the pillars ratio, i.e. it can be reduced by increasing the stiffness of the pillars. has been glued to the tiles, first the cylinder is removed, then the discs are let slide sideway and then, after cutting off protruding parts of the needles, the structure (e) is finally assembled.
where E is the Young's module and I is the moment of inertia which, for a hollow cylinder with inner and outer radius respectively r i and r o , is given by
The choice of needles dimensions will thus affect the stiffness and therefore resonance frequency as well as the bandwidth of the structure.
The maximum horizontal force expected for a laboratory mouse was estimated, see experimental results in [9] , [10] , to stay below F max = 0.1 N , assuming as F max the normal force that each paw sustains (around a quarter of the mouse weight). A mouse stepping on the platform should not perceive any compliance in the tile in order to keep the experimental environment as "ecological" as possible avoiding unnatural behaviors of the animal. For this reason, the maximum lateral displacement displayed by the tile was heuristically 2 set to be max δ max = 100 µm. Maximum displacement should only occur when the maximum lateral force is applied, leading thus to a lateral stiffness k tot = 4 × k needle = 1000 N/m. Each needle 3 shall then display a stiffness k needle = 250 N/m. When selecting a needle from a catalog, a gauge must be specified in order to define parameters such as inner and outer diameter. For this application, a gauge G = 25 was chosen, corresponding to inner and outer diameter respectively r i = 0.51 mm and r o = 0.26 mm. Needles are made of stainless steel, i.e. Young's module E = 200 GP a.
Considering the weight 4 of the aluminum tile (ρ al = 2700 Kg/m 3 is the aluminum mass density) of about M tile = 0.0012 Kg and the total stiffness of 1000 N/m, a first resonance can be estimated at about f 0 = K tot /M tile ≈ 114 Hz, i.e. well beyond specifications.
Assembly is another important aspect in choosing mechanisms of the sensors or sensing techniques.
Special care was taken in designing the sensor in such a way that a self-aligned assembly procedure 2 100 µm can be considered a negligible displacement with respect to the animal's paw. 3 Needles are mechanically in parallel, therefore the final stiffness will be four times the stiffness of a single needle 4 The equivalent, i.e. for resonance purposes, mass of the needles is negligible with respect to the tile 6 was eventually possible. Self-alignment in fact guarantees repeatability. Figure 2 shows the assembly steps. Four needles are first inserted in the through holes (the smaller ones) of the tile and placed in the upright position. The central hole of the tile, besides reducing the final mass, allows insertion of a centering cylinder, i.e. this will constrain every part to stay centered with respect to the axis of the cylinder itself. In order to have a pre-determined distance between the two tiles, 2 mm thick discs, used as adjustable spacers, were piled up. Once the exact number of discs is inserted, the second tile is also put in place. So far, only gravity helped maintaining everything aligned. At this point, needles can be glued at both ends to the tiles. Once the glue is cured, the cylinders and the spacers (discs) can be easily removed while protruding parts of the needles can be simply cut off. A self-aligned structure is thus obtained.
Finally, since the platform will be used to detect tremor i.e. a dynamic signal, it is necessary to define the maximum frequency the sensor should be able to detect and then try to keep the sensor's resonance frequency faraway from it. Tremor, whether natural or pharmacologically induced [15] , never exceeds 30 Hz and therefore a 100 Hz structural resonance will induce a practically flat response of the system in the range of interest (0 − 30 Hz).
Main characteristics of the force platform, or tile, may be summarized as follows:
kinematics: being interested in only detecting the in-plane components of the GRF, the tile should be kinematically constrained to stay parallel to ground.
mechanism: in order to sense in-plane forces, the (rigid) tile should be mechanically connected to the ground via an elastic mechanism that displays a certain compliance in the in-plane directions while being extremely stiff in the vertical direction.
dynamics: the (rigid) tile plus the compliant mechanism behave as an oscillating system whose resonant frequency should be higher then the typical frequencies characterizing tremor.
Secondary transducer
Since only compliant structures as simple as homogeneous cross-section bending beams will be considered, stresses and strains will be pretty much distributed. Deployment of strain gauges is therefore not advisable, high stiffness constraint leads to small deformations and strains. Preliminary calculation have shown that at maximum exerted forces strains would be in the order of microstrains, therefore noise would represent a major issue. As an alternative, non-contact proximity sensors where considered.
Among several other choices, IR reflective sensors turned out the best choice in terms of complexity and cost reduction.
In particular, an OMRON OPB706B was used where an infrared (IR) emitting diode and a pho- wooden arena, the force platform was lifted up so that the plastic cylinder would fit through the hole in the center of the arena and stay right at the level of the arena. The optical sensor (f) was fixed at a height so that it faced one side of the platform. Preliminary tests were made using only one optical sensor, obtaining only data from one of the two GRF components, even if the overall system has been completely designed and developed to perform 2 DOF analysis.
EXPERIMENTAL SETUP AND CALIBRATION
Before calibrating the whole system, the optical sensor's characteristics were also verified with respect to the operating environment. Optical sensors based on reflective targets behave differently according to the color and size of the object itself (in this case a 2 mm thick aluminum tile) and surrounding objects as well. In order to evaluate performance, a micrometric screw was used to simulate the effect of forces on the tiles; in this way tiles displacements could be controlled within 10 µm. Good agreement with the datasheet and, in particular, linearity in the operating range was verified. Once the response of the optical sensor was known to be linear within the range of interests (±100 µm), the final force sensor could then be statically and dynamically calibrated. Weights were used to exert in-plane forces as shown in figure 4 . The numerical ratio between the applied force (mg) and the distance variation measured (µm) by the optical sensor was used to measure the stiffness of the whole mechanical structure, in very good agreement with the expected value (1000 N/m). Different weights were used to compute stiffness at different loading conditions. The structure proved linear even outside the range of interest. Figure 5 shows the response (both in time and frequency) of the mechanical structure after being subjected to a (small) mechanical shock, i.e. its impulse response. A resonant frequency around 100 Hz is evident. Resonant frequency is lower than the theoretically estimated one due to the inertial loading of an extra added mass (element d in figure 3 ). Nevertheless, a flat band is displayed in the frequency range of interest (0 − 30 Hz). After the D/A conversion, the sensor could resolve forces in the order of 1 mN and the final platform sensitivity has been proved to be −1.02 V /N . See [17] , [16] , [18] for details. 
CONCLUSIONS AND FUTURE DEVELOPMENTS
In this work a new mechatronic instrument specifically designed for application in the new emerging field of Phenomics has been designed, developed and tested on animal models. In particular the authors attention focused on Reeler mice, a spontaneous mutation that presents traits apparently similar to human neuropathologies like Autism (i.e. stereotypies, tremor). The tight collaboration between neuroscientists and bioengineers allowed the conceptualization of an interactive force detecting platform device that integrates also other kinds of sensors (cameras, pressure and temperature as well as force sensors) as a tool for phenomic investigations and behavioural tests. This paper presents the development of the innovative module for Ground Reaction Force detection for tremor measuring; its novelty, derived from medical needs, is in the capability to sense horizontal forces and in the dimension of the sensing element so to be able to detect even single mouse paw tremor. Also, simple and modular design and fabrication will allow further development of a larger modular, sensorized environment. The sensor is composed by an elastic mechanism, that transforms applied forces in deflection, and an optical stage, that lets to measure the deflection. The whole system has been calibrated and typical characteristics of measuring tools have been deduced such as sensitivity, resolution and frequency response. Then, a series of experimental tests have been performed both on reeler and on wildtype mice. Experimental protocol simply consisted in letting the mouse walk freely on a surface with a hole which hosted the sensorized tile that was able to detect GRF. Data obtained was sent to a PC and elaborated offline in a MATLAB environment. The measurement method, consisting in Fourier analysis with a spectrogram, highlighted that in reeler mice Fourier diagrams a constant peak in frequency at about 20 Hz can be clearly isolated; that means that in time domain an oscillation of 20 Hz can be seen and that oscillation is due to mouse tremor. This tremor can be considered a typical characteristic of reeler disease, since the tests in wildtype do not show any relevant and repetitive peak in frequency. In order to highlight this tremor peak a digital passband filter equivalent to an analogic active one has been developed. Future work will be developed in two main directions:
1. definition and application of new, more structured experimental protocols for assessing the behaviour of the animal model in a variety of situations, e.g. for testing the efficacy of new pharmacological treatments;
2. implementation of an extended experimental platform, composed by a matrix of the proposed GRF sensors and by other multimodal channels (e.g. cameras, etc.) in order to be able to generate and record many different variables which can be relevant for in-depth tremor analysis 12 and identification of other locomotion abnormalities in small animal models.
